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Reaction-infiltration is a process which consists of the liquid phase reaction of a
porous glassy-carbon preform with silicon, resulting in a fully dense two phase composite,
and has intrinsic advantages for yielding high thermal conductivity materials. These
advantages include low processing temperatures which result in a lower solubility of
impurities, the in-situ formation of all SiC, the absence of additives and high phase purity
resulting materials. Si-SiC composites infiltrated under high purity conditions yielded
room temperature thermal conductivities of 213W/mK, and a corresponding SiC phase
conductivity of 267 W/mK. Al-doped composites yielded conductivities of 170W/inK and SiC
phase conductivities of 200W/mK.
The SiC grains are formed by the recrystallization of ultrafine SiC particulates formed
during the initial stages of the reaction. It was found that carbon preform particle size had
no effect on the final microstructure of the SiC, and that this microstructure was
established within the first few minutes of the process. However, the results also show
that decreasing preform particle size lead to composites with higher thermal
conductivities, ranging from 100W/mK to 200W/mK for composites infiltrated under the
same conditions. Although not fully understood, the mechanism behind this trend is
thought to be related to the time-temperature profile for the reaction, and the temperature
at which recrystallization occurs.
Chemical analysis was performed on the raw materials, as well as on the Si and SiC
phases, separately, of the final composites. The results show significant amounts of B in
the Si phase, yet undetectable amounts in the SiC, indicating a rejection of B during the
reaction. On the other hand, larger quantities of Al were detected in the SiC than in the Si,
suggesting a preferential incorporation of Al, a Si-site impurity.
Finally, microstructural characterization was performed on these materials to elucidate
the thermal conductivity-limiting mechanisms. For comparative purposes, high purity,
high thermal conductivity Si-SiC materials produced by Norton were also studied. These
experiments showed that both crystal defect spacing and solute spacing are on the order of
the phonon mean free path. Although the thermal conductivity of the Al-doped reaction-
infiltrated composites is clearly impurity limited, for the high purity materials the rate
limiting mechanism is not fully understood. The Norton materials seemed to be limited by
scattering by stacking faults.
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1 - INTRODUCTION
In recent years, due to increasing economic and performance demands, as well as the
development of new technologies, ceramics and ceramic matrix composites are being
investigated for use in a variety of applications. Desirable properties inherent to these
materials are high strength and hardness, and high temperature capabilities such as good
corrosion and creep resistance.
In order for a material to perform satisfactorily, the relationships between its physical
properties and its composition and microstructure have to be clearly understood. Physical
properties include mechanical properties such as strength, hardness, and toughness;
electrical properties such as electrical conductivity; and thermal properties, such as
thermal conductivity, coefficient of thermal expansion or heat capacity.
For high temperature applications special attention has to be paid to the thermal
properties, as large thermal gradients may cause thermal stresses, which in turn could lead
to catastrophic failure. Thermal properties are also important for the performance and
efficiency in applications such as heat exchangers or high power density electronics. In
order to reduce the detrimental and possibly dangerous effects of thermal gradients, as
well as increase efficiency in certain applications, high values of thermal conductivity are
desirable.
Among the advanced ceramics under investigation today, SiC has emerged as a very
competent candidate for various applications. Among its most attractive properties are
good strength retention, and oxidation and creep resistance at high temperatures, and very
high thermal conductivity (490W/iK for SiC single crystal'). The potential for high thermal
conductivity is not a property usually associated with ceramics, and is interesting since
even for polycrystalline SiC it can be as high as that of some metals. Table 1 shows some
representative values for SiC materials, as well as some other materials for comparative
purposes.
Traditional methods of fabricating SiC are sintering or hot pressing, which require
high temperatures (>18000C) and in some cases the use of sintering additives. Both of
these processes represent a problem with respect to thermal conductivity, as at higher
temperatures the solubility and diffusivity of impurities are higher. Si-SiC materials are
typically made by reaction-bonding, which consists of infiltrating a SiC and carbon
containing preform with molten silicon. Thus, the resulting composite consists of primary
SiC, either in the form of particles or fibers, SiC produced in-situ, and residual Si. SiC
powders are usually produced at high temperatures (>22000C) via the Acheson process,
often resulting in low purity SiC. SiC fibers, on the other hand, are either amorphous or
have residual amounts of N and 0, all of which are detrimental to the thermal
conductivity. Gas phase reactions can also be used to make SiC, such as CVD and CVI.
These have the potential for high purity, yet in practice yield low thermal conductivities
(<100W/iK) due to high stacking fault densities and possibly nonstoichiometry.
Reaction-infiltration of SiC (RISC) consists of dipping a porous glassy-carbon preform
into molten silicon, resulting in a fully dense two phase composite. The inherent
advantages of this process with respect to the thermal conductivity are that all the SiC is
formed in situ at relatively low temperatures (-~15000C), does not require any type of
additives, and the resulting material is of high phase purity. This is in contrast to sintering
or hot pressing, which require temperatures in excess of 18000C and in some cases
sintering aids. Reaction-infiltrated SiC also distinguishes itself from conventional
reaction-bonded SiC (RBSC) in that all of the SiC is produced in situ. This makes the
system ideal for studying SiC formed through the liquid Si-solid C reaction.
Although many aspects of the reaction-infiltration process have been investigated 512,
the thermal conductivity behavior had not. Thus, the objective of this study was to
understand the mechanisms limiting the thermal conductivity of RISC, and use this
understanding to maximize thermal conductivity. This includes investigation of the
processing-microstructure-property relationships particular to this system, to attain the
highest thermal conductivity.
Table 1: Thermal Conductivity of Various SiC Materials and Metals
Material KSiCT=300K(W/mK)
SiC single crystal' 490
Norton Crystar* 268
Norton UP Crystar 263
Norton NT230 227
Norton UP NT230 236
Reaction infiltrated SiC*, high purity 267
Reaction infiltrated SiC, Al doped 197
Hitachi SiC (BeO additive) 3  270
CVD SiC 4  50
Aluminum metal 237
Iron metal 80
Copper metal 298
* Si-SiC materials, where the SiC phase thermal conductivity has
values using a Bruggeman mixture rule 2
been extrapolated from the composite
2 - REACTION-INFILTRATION OF SILICON-SILICON CARBIDE
COMPOSITES
As mentioned in the previous section, reaction-infiltration of SiC consists of
dipping a porous glassy-carbon preform into molten silicon, resulting in a fully dense two
phase composite. Figure 1 shows the microstructure of the carbon preform prior to
reaction, as well as the microstructure of the resulting Si-SiC material.
The reaction-infiltration proceeds as follows 11,12 : initially, there is solid carbon and
molten silicon. Upon reaction, a solution-reprecipitation mechanism occurs, ultrafine SiC
particulates are formed and precipitated. These ultrafine SiC grains then recrystallize to
form larger, faceted SiC grains. This reaction process is shown schematically in Figure 2.
Figures 3 and 4 show various micrographs which illustrate the different stages in the
reaction-infiltration.
Given the exothermic nature of the Si-C reaction, it results in a temperature peak
in the initial stages of the reaction, which then stabilizes after all the carbon has been
reacted. The profile of the time-temperature curve depends on the rate of reaction, which
depends on the amount of surface area available for reaction. The temperature at which
recrystallization occurs depends on the height and duration of the temperature peak, and
may allow for low temperature recrystallization taking advantage of the large
recrystallization driving force of the ultrafine initial SiC. A schematic of a time-
temperature curve for this reaction is shown in Figure 5.
Given this process, among the objectives of this research project was to determine
if it was possible to: a) achieve low temperature SiC recrystallization, b) solute rejection
due to low solubilities at low temperatures, c) given the low solubility, attain high crystal
purity, and consequently d) high thermal conductivity.
Figure 1: Microstructures of starting material and end product of reaction-infiltration
process. a) Typical microstructure of porous glassy carbon preforms, b) optical
photograph of polished surface of Si-SiC composite, and c) SEM micrograph of SiC
phase of reaction-infiltrated composite with Si phase chemically etched out.
-50nm -5gtm
000 0
0 0 00Si0000 O 0
000 00
000
SiC
Before reaction Ultrafine initial
SiC
Recrystallized
SiC
Figure 2: Schematic of reaction-infiltration SiC formation and growth mechanism
a~b, bII
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Figure 3: SEM micrographs of SiC phase illustrating stages of reaction-infiltration
process. a) Initial contact of molten Si with solid carbon, b) intermediate stage, where
there is ultrafine SiC particulates, grains retaining carbon preform morphology, and
recrystallized, faceted SiC grains, and c) final microstructure, showing faceted,
recrystallized SiC grains with a grain size of about 5gm..
b)
Figure 4: Higher magnification view of stages of reaction-infiltration. a) Region in
intermediate stage of reaction, and b) closer look at particulates, showing a 500A grain
size.
Initial
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Figure 5: Schematic of time-temperature curve during infiltration.
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3 - THERMAL CONDUCTIVITY OF SILICON CARBIDE
3.1 - Heat Conduction in Solids:
In general, the thermal conductivity, k, of an isotropic solid for steady state heat
flow is defined by Fourier's Law:
q= -kVT (1)
A
where q is the heat transferred per unit time, A is the cross-sectional area it is transferred
through, and T is the temperature. For the case of non-steady state heat flow, Fourier's
Second Law is used:
T =aV2T (2)
8t
where a is the thermal diffusivity, which is given by:
k (3)
pC
where p is the density of the material and C is its specific heat.
The previous equations are mathematical descriptions of the thermal conductivity
and diffusivity in solids, but provide no information on the structure of the material or the
mechanisms of heat transfer 3 .
It has been proposed that the thermal conductivity of a solid can be described in a
manner similar to the thermal conductivity of a gas as described by kinetic theory. A
solid crystal at rest is treated as the background medium, and heat conduction arises from
the mobility of the various excitations in the lattice' 4. The thermal conductivity is then
given by the following equation:
k = - Civik i  (4)
3
where u is the velocity of the carrier and k is its mean free path.
The subscript "i" is used to denote the various carriers which contribute to heat
conduction in solids. That is, the total thermal conductivity is the sum of the
contributions of each type of carrier. The main carriers of thermal energy in solids are
electrons, lattice waves (phonons), and in some cases, electromagnetic radiation
(photons) 5.
One way to visualize the heat transfer mechanism is to consider the carriers, either
electrons, phonons or photons, as particles. These particles are at thermal equilibrium T,
at location 1, and diffuse through the crystal to location 2, at temperature T2 . The
distance will correspond to the mean free path, and the particle will collide, reaching the
equilibrium temperature, T2 . Consequently, the particle will gain or lose some energy,
leading to heat transfer. This concept assumes that heat transfer is basically diffusion
driven (i.e. a random process) 16.
3.2 - Electronic Thermal Conductivity:
The mechanism for electronic heat transfer can be described as follows. Hot
regions of a sample have electron energy distributions with more high energy electrons
than the regions that are cool. Therefore, heat is transferred when an electron travels
from a "hot" region to a "cold" one, collides with other electrons, thereby releasing
energy. The opposite process is also true (a "cold" electron travels to a "hot" region,
collides, and absorbs energy). However, in contrast with phonon-phonon interactions,
electron collisions in which little or no change in direction occurs are of importance 6.
The fact that electrons travel from one region to another transporting heat implies
that they are allowed to move freely through the material. The bonding in metals is
usually considered to consist of free electrons, or an electron gas. Consequently, the high
electrical conductivity of metals is also associated with their high thermal conductivity.
In fact, if the mean free path of an electron in a temperature gradient is considered to be
the same as that in an electric field, then the thermal and electrical conductivities can be
related by the Wiedemann-Franz Law":
k n 2Wk2
B=- L (5)
aT 3e 2
where k, is Boltzmann's constant, a is the electrical conductivity, e is the electron charge,
and L is Lorentz's number.
For semiconductors, the electronic thermal conductivity can be expressed as the
sum of two contributions ("' ):
ke = kep + keb (6)
where the subscripts e, ep and eb stand for electronic, electronic polar and
electronic bipolar contributions, respectively. The electronic polar contribution is the
same Wiedemann-Franz-Lorenz contribution present in metals. The bipolar contribution,
on the other hand is a property of semiconductors, and arises due to electron-hole pairs
diffusing down the temperature gradient".
Intrinsically, electrons are mainly scattered through electron -phonon interactions,
although electron-electron interactions are also present 14' 17. Extrinsically, defects also
scatter electrons. As the defect concentration increases, however, the total thermal
conductivity becomes increasingly dominated by the lattice component13.
In non-metallic solids, such as ceramics, the electrons are tightly bound, and are
not as free to travel. The density of free carriers below 1600K is dominated by the
impurity concentration 19. At high temperatures, however, the thermal energy provides the
activation energy for electrons to be more mobile and contribute to the heat transfer.
Therefore, the electronic contribution to the thermal conductivity increases with
increasing impurity concentration. However, the electronic contribution is much smaller
than the lattice component, such that the increase in the electronic conductivity by
impurities and temperature is more that offset by the decrease in the lattice component
due to these factors. Only above 1800K does the electronic contribution significantly
alter the shape of the conductivity vs. temperature curve 19.
3.3 - Photonic Thermal Conductivity:
In order for heat to be transferred by photons, a material must be transparent to
visible or infrared radiation. When heat transfer via photons does occur, the resulting
conductivity has its own temperature dependence, as well as being a function of its
spectrum, both independent of the respective terms for phonon conduction 3.
Radiative thermal conductivity can be described with an equation of the form of
Equation (4), except that C is the radiative heat capacity, given by 16GT 3n3 /c , v is the
photon velocity given by c/n, where n is the index of refraction and c is the speed of light,
and the photon mean free path, kR , is equal to the reciprocal of the extinction
coefficient13 . This yields an equation for the radiative thermal conductivity:
k =_ 16oBn2T3XR (7)
3
where oB is the Stephan-Boltzmann constant.
Photon heat conduction also has intrinsic limitations, which are determined by the
absorption in the material, as well as scattering from optical discontinuities 3.
3.4 - Lattice Thermal Conductivity:
Phonons are thermally activated lattice vibrations, and can be considered to be
energy quanta in elastic waves, in a manner analogous to photons which are energy
quanta in electromagnetic waves 3 .
The phonon mean free path is determined by two mechanisms: geometric
scattering and phonon-phonon interactions (scattering by other phonons). The phonon-
phonon interactions arise due to the existence of anharmonic lattice interactions; if the
interactions were solely harmonic, the only mechanism limiting the mean free path would
be geometric scattering (collisions with defects, boundaries, etc.)". Scattering of
phonons by phonons is also called "intrinsic" scattering.
If a solid is treated as a continuum, there are phonon-phonon collisions in which
the total wave vector of the phonons is conserved, and which do not change the direction
of energy flow or cause thermal resistance 7:
k1 + k2 = k3 (8)
There is also another type of collision, called the Umklapp process, which is
responsible for thermal resistance17:
k, + k 2 = k3 + G (9)
where G is 27c times a reciprocal lattice vector.
At high temperatures the excitation of phonons is proportional to T, so the number
of phonons with which a specific phonon can interact also scales as T. Also, at high
temperatures the heat capacity, C, is a constant. It has been shown that consequently, the
mean free path of phonons is inversely proportional to T at high temperatures. At low
temperatures, on the other hand, the mean free path has been found to be proportional to
exp(OD/2T)"7, where 0 D is the Debye temperature.
As mentioned previously, geometrical factors, in the form of crystal boundaries or
lattice imperfections, also contribute to limiting the mean free path. This is called
"extrinsic" scattering. In pure crystals, as the temperature is lowered, the contribution of
the Umklapp process becomes negligible, and the mean free path increases and eventually
becomes comparable to sample dimensions. When this occurs, X becomes a constant,
equal to the dimension of the specimen d, and consequently the thermal conductivity
becomes a function of the specimens geometry":
k = - Cvd (10)3
This dependence of the thermal conductivity on sample dimensions is called the
"size effect". In this equation C is the only temperature dependent term, which at low
temperatures varies as T3. Therefore, at low temperatures k is also expected to vary as T3.
Experimentally, however, k has been found to vary as T2 to T2.5, the difference probably
due to impurity scattering 7.
Defects in the lattice, such as vacancies, interstitials, or substitutional impurities,
can also limit the mean free path. It has been determined that the mean free path is
inversely proportional to the fourth power of the frequency for point defects20. This
means that point defects scatter high frequency phonons preferentially, and thus have the
greatest effect on the thermal conductivity at high temperatures.
Larger defects, such as dislocations, are most effective in scattering low frequency
phonons, and consequently have a greater contribution at low temperatures. Very large
defects, such as voids and grain boundaries, scatter phonons throughout the whole
frequency range, i.e. independent of temperature 3.
In SiC, heat is carried primarily by phonons, as the electronic contribution is
negligible except at very high temperatures (>1800K) and high impurity
concentrations19. Therefore, microstructural features that scatter phonons will limit the
thermal conductivity.
The total mean free path, given by the combination of intrinsic, point defect, and
extended defect scattering, can be given by'5:
1 1 1 1 1S - + + + (11)
total ( CO intrinsic (O) + impurity ( C )  stackingfault ( 03 )  grainboundaries( c )
where the subscripts represent the different scattering mechanisms limiting the thermal
conductivity, and the co indicates that each has its own frequency dependence. From this
equation it can be seen that if the mean free path of one mechanism is much smaller than
the others, it will become the dominant factor, such that Xtotal"Xsmallest .
Using Eq. 11 for the phonon mean free path, the thermal conductivity can be
calculated from Eq. 4. The specific heat and phonon velocity are inherent to the material,
not strongly affected by external variables, as are the intrinsic scattering mechanisms.
Significant changes in the thermal conductivity or diffusivity can only be attained by
changing the mean free path due to extrinsic factors. Therefore, to approach the intrinsic
conductivity and attain high thermal conductivity materials, extrinsic scattering sites must
be removed; processing conditions should be such as to minimize the presence of these
microstructural features.
3.5 - Modeling of Thermal Conductivity
As discussed in the previous section, heat conduction in dielectric solids occurs
primarily by phonons, which propagate attempting to restore thermal equilibrium
throughout the crystal. Phonons have a distribution of frequencies, and as they propagate
they interact intrinsically with other phonons, and extrinsically, with defects in the lattice.
These defects can be impurities, vacancies, dislocations, stacking faults or grain
boundaries. The interactions with all of these determine the phonon mean free path, and
ultimately the thermal conductivity.
Given that phonons have a frequency distribution, the thermal conductivity can
also be expressed as:
k = 1 - S(o )v 2 (o )do (12)
3
where S(co)do is the specific heat per unit volume due to lattice modes of frequency o , v
is the velocity of the lattice waves, and r(ot) their effective relaxation time21. When
different mechanisms occur simultaneously, each of them contribute additively to -C'.
Much work has been done to model the thermal conductivity behavior2132 . In
modeling scattering behaviour, it is assumed that imperfections alter the displacement of
lattice waves in three ways through changes in: (1) kinetic energy due to mass difference,
(2) potential energy due to a change in elastic constant of some linkages, and (3)
potential energy due to an elastic strain field 22. In general, though, it has been determined
that point imperfections scatter as the fourth power of the frequency, dislocations as the
first power, and grain boundaries independently of frequency 22. Since the temperature
determines the frequency distribution of the phonons, the temperature dependence of the
thermal conductivity will be a function of the frequency dependence of the mechanisms
at work.
The relaxation time of point defect scattering is given by an equation of the form:
= Aco 4 (13)
where A represents the scattering cross section of the impurity, and is a function of
impurity concentration, mass difference and size mismatch with respect to the host lattice.
The total lattice resistivity is given by the sum of the resistivities due to the different
mechanisms. Thus, the total lattice thermal resistivity is given by the following equation:
Wtotat = Wintrinsic + Wimpurity + Wstackingfault + Wgrainboundary (14)
and
1
ktotal - (15)
Wtotal
The magnitude of the thermal conductivity of nonmetallic crystals as derived by
Leibfried and Schlomann 33 is given by:
BMS60 3
kintrinsic 2 (16)
Ty 2
where B is a constant, M is the average mass of an atom in the crystal, 63 is the average
volume occupied by one atom of the crystal, 0 is the Debye temperature, and y is
Gruneisen's constant, a measure of the anharmonicity of the crystal.
According to Slack34, there are four requirements for nonmetallic crystals with
high thermal conductivity: (1) low atomic mass, (2) strong interatomic bonding, and (4)
simple crystal structure. Conditions (1) and (2) mean a high Debye temperature,
condition (3) a low number of atoms per unit cell, and condition (4) means a small
Gruneisen's constant, all of which maximize the value of k in Equation (16).
Parfenova et al.19 have calculated the lattice thermal resistance due to impurity
scattering using the following equation:
97 DVoA (17)
impurity 7 (17)
where A is the scattering cross section of the impurity, and is given by:2
A = x(1 - x) +dE 2j (18)
M
S=- (19)
ro ( + p
l+v
+ = (20)2(1- 2v)
x= -i (21)
Nh
d=2[ 4+ 1/24 ] (22)
where Ni and Nh are the concentrations of the impurity and host atoms, respectively; x is
the atom fraction of impurities in the lattice; AM and Ar are difference in average mass
and average atomic radius between the impurity and the host lattice; Vo is the volume
occupied by one unit cell; ro and M are the average atomic radius and mass, respectively;
v is Poisson's ratio, and v the average phonon velocity. This equation shows that
impurities with large mass and radius differences with the host atoms will scatter phonons
more strongly.
At low temperatures the phonon frequencies are lower, and mean free paths are
longer, such that boundary scattering is commonly the limiting factor. At higher
temperatures the phonon frequencies are higher, and the mean free paths much shorter as
impurities scatter high frequency phonons preferentially, and at even higher temperatures
due to increased phonon-phonon interactions. Grain boundaries, on the other hand,
scatter phonons regardless of their frequency. Therefore, as impurity scattering increases,
the heat transported by low frequency phonons becomes increasingly important. Thus,
even if the average phonon mean free path is of an order far smaller than the grain size,
there are lower frequency phonons which can make a significant contribution even at
room temperature. These low frequency phonons are scattered by grain boundaries,
giving rise to a decrease in thermal conductivity with decreasing grain size. Klemens35
dealt with this theoretically, and developed a correction for the thermal conductivity as a
function of grain size, as given by the following formula:
Ak _ I hvTo (23)k 2 2y 2 LkBODT
Mv 2
To = (24)kB
where L is the average grain size, and the other variables are defined as before.
3.6 - Modeling Conductivity in Composite Materials
Up to now the transfer of heat has been described for single phase, homogeneous
lattices. When the material contains two or more phases of reasonable size, then the heat
transfer characteristics can no longer be described in the same manner. Microstructural
models have to be used, in which particles of each phase are typically assumed to be large
enough to be considered as homogeneous regions of material in their own right, with their
own heat transfer characteristics. The total thermal conductivity of the composite must
then be calculated as a function of the properties of each of its components, as well as
their size, shape and distribution.
In the treatment of heat transfer, Equations (2) and (3) are widely used in the
derivation of formulae and calculation of data. However, these equations were derived
with the assumption of homogeneity, which with composite materials cannot be always
assumed to hold true36.
This problem has been treated by various researchers, and criteria for
homogeneity have been developed. One set of criteria has been developed by Kerrisk3 7' 38,
and basically states that the secondary, dispersed phase must be much smaller than the
sample thickness for the sample to be considered homogeneous enough for equation (3)
to hold. Other authors36 have stated the limitations as a function of ratios of material
properties. For example ad/ac should range between 0.48 and 1137, where a is the
thermal diffusivity. Another criteria is that PdCdVd/PcCcVc range between 0.02 and 1.16,
p the density, C the heat capacity, V the volume fraction, and the subscripts d and c refer
to the discontinuous and continuous phases, respectively.
In deriving an equation to describe the composite conductivity of a material,
assumptions must be made about the properties of its constituents and their spatial
distribution. Some of the most important characteristics of the system are the relative
values of the property for each constituent, the volume fraction of material, the
morphology and orientation of the constituents, and the connectivity of the phases. Using
the notation as defined by McLachlan et al.39, in three dimensions, the connectivity can
range from 0-0, which means that neither phase is continuous throughout the composite;
to 3-3, which means that both phases are continuous. In the intermediate regime, there is
3-0 connectivity, which would be the case for particles dispersed in a matrix, or 3-1
which would describe unidirectional fibers in a matrix. For a given system of material
properties and volume fractions, the connectivity can change the composite conductivity
by orders of magnitude.
Various results have been developed to predict the thermal conductivity of
composite materials. The most commonly used case, and easiest to deal with
theoretically, is that of a dilute dispersion of spherical particles. One of the earliest and
most widely used results describing this case is the Rayleigh-Maxwell equation4 0'41:
2
-
2 Vd + (1+ Vd)kd
ke kc (25)
c 2 + Vd + (1- Vd)kd
kc
where k is the thermal conductivity, the subscript e refers to the effective composite
property, and the other variables and subscripts as previously defined. This equation was
derived for a dilute dispersion of spherical particles, where each particle is completely
surrounded by the matrix.
Another popular equation was developed by Bruggeman 2 for a variable
dispersion, and is applicable to any concentration of dispersed phase:
(ke - kd) = (1- VdXkc - kd) (26)
(kec (26)
In some cases one phase is not completely surrounded by the other, but by
material with an overall conductivity ke. Bruggeman2 also derived a result for such a
case, which is:
Vd(k-ke) (1- Vd Xkc - ke)+ = 0 (27)
kd + 2ke kc + 2ke
These results are based on models that do not take into account boundary or
interface effects. These can be of great importance, such as in cases where grain
boundaries have a high thermal barrier, even more so for small grained materials. A
results derived by Hasselman and Donaldson42'43, which takes into account an interfacial
thermal barrier:
kc 2 kd kd 1i V+d k+2 kd +2j
( kc ahC kc ahke = (28)
kd kd+ kd k+2 d +2
kc ah k ahc
where a is the radius of the spherical dispersions, and he is the boundary thermal
conductance. This equation shows that for systems with an interfacial thermal barrier, the
thermal conductivity is a function of particle size. Note that as the particle size tends to
infinity, Equation (28) simplifies to the Rayleigh-Maxwell equation43 . This is because the
basic geometry assumed in the derivation of these equations is that of spheres dispersed
in a matrix.
With some knowledge of the assumptions used in deriving certain results, as well
as of the composition and properties of the particular system being studied, some
conclusions can be drawn about the mechanisms involved by comparing experimental
results with calculated values.
4 - EXPERIMENTAL PROCEDURE
4.1 - Preform fabrication
The composite fabrication process is shown schematically in Figure 6. The
preparation process of the porous carbon preforms used for this work was originated by
Hucke 44,4 5, and has been discussed elsewhere5'". Consequently, it will only be briefly
summarized.
The first component is a liquid mixture of furfuryl resin (QUACORR 1300, from
QO Chemicals, West Lafayette, IN) and furfuryl alcohol (QO FA), which later forms the
glassy carbon phase after pyrolysis. This is then mixed with ethylene and tri-ethylene
glycols in varying proportions. The glycols are initially miscible with the furfuryl, but
become immiscible on polymerization of the furfuryls which occurs at relatively low
temperatures (<100C). The furfuryls, ethylene glycol (EG) and tri-ethylene glycol (TEG)
can be mixed in different proportions, having effects described elsewhere5'". A wide
variety of preform densities, particle and pore sizes, morphology and connectivity can be
repeatably obtained. In general, however, the following trends are observed: a)
increasing resin content leads to higher preform densities, b) increasing resin content
increases carbon particle size, c) increasing the TEG/EG ratio decreases the carbon
particle size.
The preforms are cast in simple cylindrical shapes, and first polymerized at 400C
for 4 hrs. They are then held at 700C for 12 hrs to complete polymerization and phase
separation. At this stage the preform is rigid, yet unpyrolized, and the residual liquid is
removed from the open pores using absorbent media at 900C. Finally, the preforms are
subjected to a pyrolysis in argon at no higher than 10000C for two hours, and an
outgassing annealing treatment at 17000C for one hour in vacuum.
The porous preforms were then machined into cylindrical rods of 0.5in. diameter,
and lengths ranging between 0.5 to 1.5in.
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Figure 6: Steps in the fabrication of Si-SiC composites via reaction-infiltration.
4.2 - Infiltration
Machined preforms were then infiltrated in one of two ways. For the first method,
called "dipping", shown schematically in Figure 7, the preforms were fastened with a
holder to a graphite rod, and lowered into a Si melt. In the case of the doped samples the
holders and crucibles were made of BN, and for the high purity infiltrations the holders
were made of SiC and the crucibles of high purity graphite. This was carried out at 1450-
15000C, just above the melting point of silicon, in a vacuum furnace at 10-2-10 - Torr
(Thermal Technology, Astro Division, Santa Barbara, CA). Soaking times of about 5
min in the melt were observed to be sufficient for complete infiltration, after which the
samples are removed and cooled.
The second method, "melting", shown schematically in Figure 8, consists of
placing solid Si on top of a cylindrical carbon preform, which is then heated rapidly
above the melting temperature of Si. This was performed in an Astro Group 1400 Hot
Pressing Furnace (Astro, Santa Barbara, CA). Again, soaking times of about 5 min were
observed to be sufficient.
4.3 - Characterization
The carbon preforms were characterized by SEM and density measurements. The
densities were calculated geometrically, using the dimensions of the preforms and their
weights. The particle sizes were obtained by measuring the diameters of a representative
sample of particles from the SEM micrographs, and taking an average value.
The RISC samples were sectioned into disks of 12mm diameter and 3mm
thickness, and characterized by thermal diffusivity measurements, SEM, TEM, direct
current plasma emission spectroscopy (DCP), and optical microscopy.
The thermal diffusivity measurements were done via the laser flash technique46 47.
It was done using a glass-Nd laser of 1.06pm wavelength, and attenuated with a copper
sulphate solution. The temperature rise was measured with an In-Sb infrared detector,
liquid nitrogen cooled. They were performed by Dr. D.P.H.Hasselman at Virginia
Polytechnic Institute.
Chemical analysis of the overall Si-SiC composites is not very useful, since the
relevant information is the impurity concentration of the SiC phase, and the distribution
of impurities between the SiC and Si. Therefore, chemical analysis was performed on the
individual phases via direct current plasma emission spectroscopy (DCP). The samples
were first treated with a 1:1 mixture of nitric and hydrofluoric acids (HNO3 and HF) at
500C to dissolve the silicon. This solution was then filtered through filter paper, yielding
an acid soluble (Si rich) solution, and an acid insoluble portion. The acid insoluble
portion was then fused with potassium or sodium carbonate, dissolved in hydrochloric
acid, and diluted to a specific volume. The two solutions were then analyzed for metallic
impurities using DCP.
SEM micrographs were taken of the resulting SiC phase by etching thin sections
(<1mm) sliced from samples in a 30/70 mixture of HF/HNO3. This process chemically
removed the Si phase, revealing only the SiC phase.
4.4 - Heat Treatments
Heat treatments were performed by placing samples on high density graphite
disks with excess Si, to avoid Si loss out of the sample. This was done in a vacuum of
about 10-3 Torr. Samples were heat treated at various temperatures and for different
lengths of time.
After treatment, excess silicon was removed by mechanical polishing, and the samples
were characterized.
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Figure 7: Schematic of "dipping" method of infiltration.
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Figure 8: Schematic of "melting" method of infiltration.
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5 - EXPERIMENTAL RESULTS
5.1 - Preform Fabrication and Reaction-Infiltration Process
5.1.1 - Preform Fabrication
A series of preforms were made with varying ratios of resin to solvent and TEG to
EG. A description of the notation used in designating the preforms and samples is given
in Appendix A. Representative examples of the effects induced by each are shown in
Figures 9 and 10. Figure 9 shows the microstructures and compositions of preform
batches PREF9, PREF10 and PREF 11. These micrographs show how increasing volume
fraction of resin to solvent increases the carbon particle size. This is reasonable as a
higher concentration of resin during polymerization will lead to increased growth.
Figure 10 shows the microstructures and compositions of batches PREF 1, PREF2,
and PREF3, in which the TEG to EG ratio has been varied. This changes the average
molecular weight of the solvent, which controls the shape of the miscibility gap, and
consequently the critical concentration for secondary phase separation. This figure shows
that increasing the TEG/EG ratio decreases the carbon particle size. Both of these trends
are consistent with prior work done by this group5.
5.1.2 - Effect of Preform Particle Size and Density
In terms of the infiltratability of preforms, a few trends were found. First of all,
extremely fine carbon preform microstructures (<2ptm) led to a series of problems. These
include cracking during the pyrolysis treatments, their brittle nature making them difficult
to machine and work with, and cracking upon infiltration. The cracking during pyrolysis
may be due to capillary forces in removing the last liquid present in the microstructure.
The cracking upon infiltration may have been caused by thermal gradients during the
reaction process, due to the high surface area and exothermic nature of the reaction.
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Figure 9: Evolution of carbon preform particle size with decreasing resin/solvent ratio.
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Figure 10: Evolution of carbon preform particle size with increasing TEG/EG ratio.
At the other extreme of particle size, overly large carbon particles were also a
problem. Particle sizes greater than about 15tim led to unreacted carbon and open
porosity. Figure 11 shows the microstructure of PREF6, as well as some representative
areas after infiltration. Figure 1 la shows that this preform had a large particle size of
about 15pm, and a relatively low density of 0.77 g/cm3. Figure lb shows the
microstructure of the infiltrated composite, RISC6A, in which there are large areas of
unreacted carbon and open porosity.
Finally, there is also a limit to the density of the preform, which controls the volume
fractions of Si and SiC in the final composite. Figure 12 shows the preform
microstructure and microstructure after infiltration for PREF7 and RISC7A, respectively.
In Figure 12a it can be seen that PREF7 had a small particle size of about 4tm, but a high
density of 0.87 g/cm3. It shows that higher densities also lead to unreacted carbon and
open porosity, despite a smaller particle size. This is probably due to "choking", where
the pores close off and Si cannot reach unreacted areas. In general, it was found the
densities above 0.85 g/,C led to incomplete reaction, and low density, low quality
composites.
The restrictions on the particle size and density of the carbon preforms left a range of
compositions useful for infiltrations. This is shown schematically in Figure 13.
5.1.3 - Two Methods of Infiltration
Batches PREF10 and PREF11, with microstructures as shown in Figure 9, were
infiltrated under high purity conditions using both "dipping" and "melting" methods of
infiltration. The properties of the infiltrated composites are shown in Table 2. The
thermal conductivity of the composites were calculated from thermal diffusivity
measurements using Equation 3. Tabulated data for the heat capacity of Si and SiC were
used, and densities were measured by the Archimedes' method. The thermal conductivity
of the SiC phase was extrapolated from the composite value using a Bruggeman mixture
Figure 11: Microstructure of batch PREF6 before and after infiltration. a) Microstructure
of carbon preform PREF6 with a particle size of 15gtm and a density of 0.77g/er3, and b)
cross-section of infiltrated composite RISC6A with Si phase etched out, where darker
areas are unreacted carbon and lighter areas are SiC.
Figure 12: Microstructure of batch PREF7 before and after infiltration. a) Microstructure
of carbon preform with a particle size of 5gm and a density of 0.87g/cm3, and b) cross-
section of infiltrated composite with Si phase etched out, where darker areas are
unreacted carbon and lighter areas are SiC.
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Figure 13: Diagram of range of useful carbon preform particle size.
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Table 2: Comparison of"Dipping" and "Melting" infiltration techniques
Dipping Melting
Batch Sample Ppreform Pi-sic Ksi-sic Sample Ppreform Psi-sic Ksi-sic
(g/cm3) (g/cm3) (W/K) (g/cm3) (g/cm3) (W/mK)
RISC10O Bi 0.77 2.89 173 Al 0.72 3.00 181
RISC 11 Bi 0.68 2.76 134 Al 0.69 2.94 213
C1 0.68 2.88 169
RISC13 Al 0.71 3.00 185
rule (Equation 272), and assuming a Si thermal conductivity of 110w/mK, taking into
account the high purity of the Si.
The results show that the melting method seems to yield higher density materials, and
decrease or eliminate cracking upon infiltration for the finer grained preforms. For the
case of RISC11A, this translates into much higher thermal conductivity values. The
higher thermal conductivity value for sample RISC11A1 is of 213 W/mK for the composite,
which corresponds to 267 W/mK for the SiC phase, as compared to 134 W/mK and 169 W/mK
composite conductivities for dipped samples, RISC11B 1 and RISC11C1. For the case of
RISC10, the melt-infiltrated sample, RISC10A, also yielded a higher density than the
dipped one, RISC 10B, despite the fact that their preform densities were the opposite.
5.1.4 - Carbon Particle Size and Thermal Conductivity
Figure 14 shows the thermal conductivity of the SiC phase as a function of carbon
preform particle size. All of the samples included in the graph were infiltrated in an Al
processing furnace, and the molten Si held in BN crucibles. The thermal conductivities
were calculated as previously described, except a Si thermal conductivity value of 90 W/mK
was used taking into consideration the lower purity of the environment.
The data shows a clear increase in thermal conductivity with decreasing particle size,
ranging from a low of under 100 W/mK for a 12 jtm average particle size preform, to about
200 W/mK for a preform with a 2.2 pm average particle size. This is a two-fold increase in
conductivity solely due to the change in carbon particle size.
Additionally, samples RISC10A, RISC11A and RISC13A were melt-infiltrated under
high purity conditions. The microstructures of the preforms PREF10 and PREF11 are
shown in Figure 9, and that ofPREF13 in Figure 15. As can be seen in the figures, their
particle sizes are 2.9, 2.2 and 1.6pm, respectively. PREF10 and PREF11 have the same
spherical particle morphology, although slightly different particle size. For PREF13, on
the other hand, the connectivity changes: the particles are no longer as spherical, but
become more continuous.
The properties for these three samples infiltrated under high purity conditions are
shown in Table 3. Their thermal conductivities as a function of particle size are shown in
Figure 14. The data shows that the SiC thermal conductivity increases from 218 W/mK for
RISC10Al to 267 W/mK for RISC11Al with the decrease in particle size from PREF10 to
PREF l. RISC13A1, however, with a particle size smaller than the previous two
preforms, has a SiC phase thermal conductivity of 220w/m, lower than RISC 11Al.
*Al-processing furnace
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Figure 14: Plot of SiC phase thermal conductivity as a function of carbon preform
particle size.
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Figure 15: Microstructure of carbon preform batch PREF 13
Table 3: Characteristics of high purity melt-infiltrated samples
5.2 - Individual Chemical Analysis of Si and SiC Phases
Chemical analysis was performed on the raw materials used for the reaction-
infiltration, as well as on the Si and SiC phases separately of the final composites. The
first two Si-SiC samples analyzed, one with high thermal conductivity and the other with
low, were produced in an Al processing furnace, and using BN crucibles. Sample
RISC72 had a relatively high composite conductivity of 150 W/K and a SiC phase thermal
conductivity of 190 W/mK. Sample RISC80 had composite and SiC thermal conductivities
both of about 90 W/mK. Finally, sample RISC11A was processed under higher purity
conditions, and had extremely high thermal conductivities of 213W/mK for the composite
and 267 W/mK for the SiC phase. The results of the chemical analysis are shown in Tables
4, 5 and 6.
The data in Table 4 shows that the starting materials are of very high purity. The
carbon preform only has a total of 19atppm of detectable impurities, and the Si only
3atppm.
As shown in Table 5, the main impurities in the composites are Al, B and Ca.
Overall, there is a higher concentration of impurities in sample RISC80, with lower
thermal conductivity, than in RISC72. This was to be expected, as impurities are phonon
scattering sites and will decrease thermal conductivity.
However, in both RISC80 and RISC72, there are higher concentrations of Al in the
SiC phase than in the Si phase, which suggests a preferential incorporation of Al, a Si-site
dopant in SiC, during the reaction process. The same seems to be the case for Ca, K, Cr,
and Mg, although there are lower overall levels of these elements. On the other hand,
there are significant amounts of B in the Si for both samples, yet undetectable amounts in
the SiC phases. This indicates that there is an impurity rejection effect occurring during
the reaction. This seems to be occurring for Cu and Fe as well.
Table 6 also shows the results of the chemical analysis of RISC11A which was
infiltrated under high purity conditions and had an extremely high thermal conductivity.
The data shows that it is of very high purity, with the only detectable impurity Fe with a
total of about 30atppm in both the Si and SiC.
Table 4: Chemical analysis of raw materials used in reaction-infiltration
Element Porous Carbon Preform Silicon
(atppm) (atppm)
Al <4 <10
B <11 <26
Ca 4 <7
Cu <2 <4
Fe 12 <5
Co <2 <5
Cr 3 3
Mn <2 <2
Ni <2 <2
Zn <2 <2
Table 5: Separate DCP chemical analysis of Si and
Al processing furnace, using BN crucible
SiC phases of samples infiltrated in
Element High Thermal Conductivity RISC72A Low Thermal Conductivity RISC80A
Si-SiC (ksic=190W/mK) Si-SiC (ksic=90W/mK)
Si phase (' )  SiC phase(2 )  Si phase (' )  SiC phase (2)
(atppm) (atppm) (atppm) (atppm)
Al 520 620 <2 860
B 1700 <40 2200 <40
Ca 110 170 320 570
Cu 18 <6 13 <6
Fe 45 <7 <5 <7
K 36 92 30 184
Cr <5 31 <5 46
Mg <12 49 <12 66
Ni 14 61 <10 <7
Zn 17 24 26 24
(1) Residual Si phase etched out of Si-SiC composite
(2) Insoluble phase of Si-SiC composite
Table 6: Separate DCP chemical analysis of Si and SiC phases for sample infiltrated in
high purity furnace
Sample: RISC11A
Ksi-sic=213W/mK, Ksic= 267W/inK
SiC phase( 2)
(atppm)
<15
<36
<10
<6
36
<10
<10
<10
<10
(1) Residual Si phase etched out of Si-SiC composite
(2) Insoluble phase of Si-SiC composite
Element
Al
B
Ca
Cu
Fe
Cr
Mn
Ni
Zn
Si phase("'
(atppm)
<10
<26
<7
<4
25
<5
<5
<5
<5
5.3 - Heat Treatment Experiments
A series of heat treatments were performed at various temperatures and for
different lengths of time, to determine if a) grain growth could be induced, and b) its
effect on thermal conductivity. Table 7 shows a summary of the samples submitted to
heat treatments and some relevant properties.
Samples RISC65A #8 and #5 were submitted to heat treatments slightly above the
melting temperature of Si, 14400C, for periods of two and ten hours, respectively; sample
RISC65A2 was not submitted to any treatment. The microstructure of these samples are
shown in Figure 16. This figure shows that little growth has occurred, as seen from the
difference between Figs. 16a, and 16b and c. Furthermore, the microstructures of the
sample treated for two hours and the one treated for ten hours, 16b and 16c, are virtually
identical. The thermal conductivities for these three samples are also very similar,
indicating that at this temperature heat treatments have no effect on thermal conductivity.
Sample RISC72A6 was submitted to a slightly higher temperature heat treatment,
four hours at 15000 C, and compared to an as-infiltrated sample, RISC72A4. Figure 17
shows the microstructures of these samples, in which no grain significant growth has
occurred. However, it is pointed out that the microstructures of the as-infiltrated sample
RISC72A4 showed larger, more angular grains to begin with, as compared to the also as-
infiltrated RISC65A2.
Finally, higher temperature heat treatments were also performed. Sample
RISC75A4 was treated for one hour at 17000C, and compared to sample RISC75A6. The
results are shown in Figure 18. This figure shows that grain growth has occurred at high
temperature, as the heat treated sample shows grains ranging from 4ýtm up to 20jim, as
compared to the as-infiltrated which ranges between 1ltm and 10im. The thermal
conductivity, however, decreases with the heat treament, from 168W/inK and 197 W/mK for
the as-infiltrated sample for the composite and SiC phase conductivities, respectively,
down to 145 W/mK and 164 W/mK composite and SiC phase, respectively, for the heat
treated sample.
Table 7: Summary of heat treatment experiments and material properties
Treatment
As infiltrated
2hrs at 14400C
10hrs at 14400C
As infiltrated
4hrs at 15000C
As infiltrated
ihr at 17000C
Density
(g/cm3)
2.83
2.82
2.87
2.97
2.98
2.98
2.95
Grain growth
NA
Little
Little
NA
None
NA
Significant
Sample
RISC65A2
RISC65A8
RISC65A5
RISC72A4
RISC72A6
RISC75A6
RISC75A4
Ksi-sic
(W/mK)
105
100
107
154
168
145
Ksic
(W/mK)
115
107
119
190
197
164
Figure 16: Microstructures of samples from RISC65A subjected to low temperature heat
treatments. a) Sample RISC65A2 as infiltrated, b) sample RISC65A8 heat treated for
2hrs at 14400C, and c) sample RISC65A5 heat treated for 10hrs at 14400C.
b)
C)
b)
Figure 17: Microstructures of samples from RISC72A subjected to low temperature heat
treatments. a) Sample RISC72A4 as infiltrated, and b) sample RISC72A6 subjected to
4hrs at 15000C. The microstructures are virtually identical, showing no significant grain
growth was induced.
Figure 18: Microstructures of samples from RISC75A subjected to high temperature heat
treatment. a) Sample RISC75A6 as infiltrated, and b) sample RISC75A4 subjected to lhr
at 17000C, showing significant grain growth.
b)
5.4 - Microstructural Characterization and Comparison with Norton Materials
In addition to the chemical analysis, the highest thermal conductivity materials
were characterized by optical microscopy, SEM and TEM, to elucidate possible
microstructural phonon scattering mechanisms. To aid in the understanding of thermal
conductivity mechanisms, high thermal conductivity Norton materials were characterized
as well. The Norton materials are designated Crystar and NT230, each of which are
available in high purity (HP) and ultra-high purity (UP) grades, designed for use in the
semiconductor industry. They consist of SiC made via a modified Acheson process,
which is then slip casted into a porous green body, and then infiltrated with molten
silicon. Note that no reaction takes place; all of the SiC is present prior to infiltration.
The materials characterized and their relevant parameters are shown in Table 8. The
microstructures are shown in Figures 19 through 24.
Samples RISC11A1, RISC72A4 and RISC75A6, having been made from fine
grained preforms, have very similar microstructures, as can be seen in Figures 19 through
22. The average grain size is about 5iim, and all have a high density of stacking faults, as
shown by the TEM micrographs. However, there is an inhomogeneous distribution of
fault densities: some regions have defect spacings in the micron range, whereas others are
on the order of hundreds of angstroms, or less. The two Norton materials, NT230 and the
Crystar, showed identical microstructures for both the HP and UP, which is the reason
only one set of micrographs is shown for each The most noteworthy feature of the
Crystar material is the grain size, as shown in the optical and SEM micrographs in Figure
23: it has a bimodal distribution, with one portion of the SiC having an extremely large
grain size of 150tm, while the other of 10m. Thus, the Crystar material has a much
lower grain boundary density than the other three materials, which may contribute to its
having the highest thermal conductivity. Figure 23b shows that the Crystar materials also
have a very high density of stacking faults. The Norton NT230 material, shown in Figure
24, has a similar microstructure to the RISC materials, although the grain size, of about
8pim, is slightly larger. It too shows a high density of stacking faults.
Table 8: Properties of high thermal conductivity Si-SiC materials characterized
Material Carbon preform Grade SiC phase V sic Ni  KSi-SiC3 00K KSiC30 0K
particle size(pm) (cm -3) (W/mK) (W/mK)
RISCIl1A 2.2 HP 3 0.71 7x10'8  213 267
RISC72A4 3 3 0.69 6x10'9  154 190
RISC75A6 2 P 0.77 168 197
Norton Crystar NA HP a 0.82 lxl019  237 268
NA UP ca 0.82 2x10' 9  234 263
Norton NT230 NA HP a 0.74 2x10' 9  186 227
NA UP a 0.72 2x10'8 188 236
Figure 19: Microstructure of RISC1 1Al. a) Optical micrograph of polished
surface, and b) SEM micrograph of SiC phase. RISCI1Al had a composite
conductivity of 2 13W/, and a SiC phase conductivity of 267 W/i.
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Figure 20: TEM micrograph of RISC11Al, showing a range of grain sizes and
stacking fault densities.
60
Figure 21: Microstructure of RISC72A4. a) SEM micrograph of SiC phase, and b) TEM
micrograph showing faceted grains and stacking faults. Sample RISC72A4 had a
composite conductivity of 154w/K and a SiC phase conductivity of 190 W/m.
Figure 22: Microstructure of RISC75A6. a) SEM micrograph of SiC phase, and b) TEM
micrograph, showing a high density of stacking faults. Sample RISC75A6 had a
composite conductivity of 168w/, and a SiC phase conductivity of 197 W1/n.
b)
Figure 23: Microstructure of Norton Crystar. a) SEM micrograph of SiC phase showing
very large 150jtm grains, and b) TEM micrograph showing high density of stacking
faults. Crystar had a composite conductivity of 2 3 4W/m and a SiC phase conductivity of
263 W/n.
b)
Figure 24: Microstructure of Norton NT230. a) SEM micrograph of SiC phase, showing
a grain size of 8 tm, and b) TEM micrograph showing a high density of stacking faults.
NT230 had a composite conductivity of 188 W/, and a SiC phase conductivity of
2 36 W/nK.
5.5 - Temperature Dependence of Thermal Conductivity
The thermal diffusivity of Si-SiC samples RISC1 lA1, Norton UPCrystar and
Norton UPNT230 was measured from room temperature to 13000C. The thermal
conductivities were calculated using tabulated values of the temperature dependence of
the heat capacities of Si and SiC 18',48, and the results are shown in Figure 25.
At room temperature there is a slight spread in the conductivities of samples
RISC11Al, Crystar and NT230, with values of 213, 234 and 188W/mK, respectively. As
the temperature increases, however, the thermal conductivities converge and above
1200K are virtually identical. One interesting feature is that from room temperature to
900K the Crystar material has the highest thermal conductivity, but above that
temperature RISC 1Al has a slightly higher value.
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Figure 25: Thermal conductivity of Si-SiC samples RISC1 1Al, Norton UPCrystar and
Norton UPNT230 as a function of temperature.
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6 - DISCUSSION
6.1 - Reaction-Infiltration Process
As shown in Figure 14, there is a drastic increase in thermal conductivity with
decreasing carbon preform particle size, ranging from under 100W/mK to as high as
200W/mK for composites infiltrated under the same conditions. The chemical analysis also
showed higher concentrations of impurities in the lower thermal conductivity material
Made under identical conditions. Here we present a qualitative model that explains these
trends.
The reaction-infiltration process consists of the initial reaction of solid C and
liquid Si to form ultrafine SiC particulates, which then recrystallize into faceted grains.
The initial reaction is highly exothermic and leads to a temperature peak after which the
temperature stabilizes. It is believed that the reaction and recrystallization stages of the
process overlap somewhat, and consequently the temperature at which most of the
recrystallization occurs depends on the height and duration of the temperature peak.
The surface area of carbon exposed to the liquid Si increases with decreasing C
preform particle size. Thus, the initial reaction rate is expected to be higher for higher
surface area preforms, and the C will be fully reacted in a shorter period of time.
Conversely, low surface area preforms should be slower to react. Therefore, the
microstructure of the preform will determine the shape of the time-temperature curve for
the reaction. This is shown schematically in Figure 26.
We expect that if the initial reaction is very fast, there will be a high temperature
peak, but that it will not last for very long. The time-temperature curve would be
qualitatively similar to the one in Figure 26a. If this reaction and temperature
stabilization were fast enough with respect to the recrystallization times, it would allow
most of the recrystallization to occur at lower temperatures. And, at the lower
recrystallization temperatures the impurity solubilities should be lower, and consequently
higher purity materials should be obtainable. However, there is a limitation on the rate of
reaction, and that is the problems associated with rapid heating and cooling. Excessively
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Figure 26: Schematic representation of time-temperature curves of reaction-infiltration of
different surface area preforms; a) high surface area preform, and b) low surface area
preform.
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rapid reaction would cause large thermal gradients, and failure of the material. In effect,
this is what was observed. The lower limit of preform particle size in Figure 13 is due to
cracking of the composites during infiltration.
On the other hand, if the reaction is slower, heat will be released over a longer
period of time, and the material may remain longer at an elevated temperature. This
situation is represented in Figure 26b. If so, most of the recrystallization will occur at a
higher temperature, at which there is a higher solubility of impurities. At the other
extreme, if the reaction is slow enough that the temperature never increases significantly,
recrystallization will occur at lower temperatures. In this case, though, there may be a
kinetic limitation on the reaction. Experimentally it was observed that excessively large
grained preforms led to incomplete reaction and residual carbon in the end product. This
is shown as the upper limit of preform particle size in Figure 13. Therefore, there seems
to be an optimum particle size at which RISC should be made. This corresponds to the
range between 2pm and 15ptm indicated in Figure 13. And, within this range, composites
made from preforms with a finer particle size, will have a higher thermal conductivity.
There also seemed to be differences in the properties of composites infiltrated
using the "dipping" and the "melting" techniques, shown in Figures 7 and 8, respectively.
The difference between these two techniques is that in "dipping", all of the Si is molten
and available for reaction at the moment of infiltration. On the other hand, in the
"melting" technique, the carbon preform is initially in contact with solid silicon, which
then melts and is consumed in the reaction. As the silicon melts it must absorb the latent
heat of fusion. Since solid silicon (T=14100C) is in contact with the preform as the
reaction proceeds, some of the heat generated in the process must be absorbed, thus
lowering the overall temperature and temperature gradient the composite experiences.
The results show that infiltration using this method lead to less or no cracking, depending
on the scale of the preform, as compared to "dipping". This is consistent with lower
thermal stresses caused by the exothermic reaction and fast reaction rate. There also may
be a difference in thermal conductivity due to this effect, although an exact comparison
among these samples is not possible due to slight differences in the preform and
infiltrated composite densities.
To understand quantitatively whether the heat absorbed by the melting of silicon
can be a significant factor, it is necessary to estimate the heat produced and absorbed
during the reaction process. The "dipping" method of infiltration is carried out at 1450-
15000 C, with all of the silicon in the molten state at the onset of reaction. Using data
from the literature48, the heat of formation of SiC from solid carbon and liquid silicon at
15000C was calculated to be 173J"/moi
. 
A typical carbon preforms weighs 2g, or has 0.167
mol C, which upon reaction would release 29kJ of heat. For the infiltration of such a
preform, typically 10g of Si would be used (including excess Si to ensure complete
infiltration). Assuming an adiabatic reaction, for simplicity, the energy released by the
reaction would be enough to heat the remaining liquid Si and SiC to 34500C. On the
other hand, for the "melting" technique the Si is initially in the solid state at 1410 0C. It
requires 18kJ to melt 10g of Si. Again assuming an adiabatic reaction, the heat of fusion
of Si leaves 1 lkJ of the heat of reaction. This would result in the temperature of the Si
and SiC reaching only 21510C. This illustrates the significant influence the heat of fusion
of Si can have on the temperature peak during reaction infiltration. Additionally, as long
as solid Si exists, the local surroundings must be in equilibrium with it at 1410 0C.
Experimental observation of the "melting" process revealed that it occurred gradually:
some of the Si melted and began reacting, while the rest remained solid. By using excess
Si, the solid Si could act as a heat sink, absorbing heat as it is produced. Thus, for
regions in the proximity of the Si, the temperature stabilization effect will be even
greater.
Samples RISC10A1, RISCIIA1, and RISC13A1, were all infiltrated using the
"melting" technique under high purity conditions, and are all fully reacted. The relevant
characteristics of these composites are shown in Table 3. Their carbon preform average
particle sizes were 2.9, 2.2, and 1.6Cpm, and their SiC phase thermal conductivities 218,
267, and 220W/mK , respectively. These results show an increase in thermal conductivity
with decreasing particle size from RISC10OA1 to RISCI1Al, consistent with the lower
purity infiltration results. RISC13A1, though, with a finer particle size, has a lower
thermal conductivity than RISC lAl. This may indicate that there is a limit to the
positive effect of decreasing particle size on thermal conductivity. Given the extremely
fine particle size of RISC13A1, the temperature peak may have been very high, and it is
possible that some of the recrystallization occurred at a higher temperature.
The reaction-infiltration process also shows some interesting behavior with
respect to the incorporation of impurities. First of all, the starting materials are of very
high purity, as shown in Table 4. However, the Si melt became doped with Al and B,
because the infiltrations were performed in an Al-processing furnace and the Si held in a
BN crucible. There was a higher concentration of Al in the SiC than in the Si, as can be
seen in Table 5. Al, a Si-site dopant, seems to be preferentially incorporated in the SiC
during the reaction. On the other hand, there were significant amounts of B in the Si, yet
it was undetectable in the SiC phase of both the low and high thermal conductivity
samples. Thus, B seems to be rejected into the Si. This allowed for the reasonably high
thermal conductivity of about 200W/mK to be attained despite the high concentration of B
in the Si. Additionally, it was shown that the highest thermal conductivity values were be
obtained with further purification. RISC 11A, which had a thermal conductivity greater
than 260 W/mK, is of very high purity (Table 6).
Although Al is known to be a Si-site substitutional impurity, there is some debate
about the site B occupies. It has been suggested that B occupies the C site49 50, the Si
site51 , or both sites52. Thus, it is likely that the site which B occupies will depend on the
localized environment during the reaction. Additionally, an incorporation efficiency due
to a site competition effect, dependent on the reaction conditions, has recently been
demonstrated 52. Site competition suggests that in a Si rich environment, Si-site dopants
will be less efficiently incorporated than in a C rich environment. The same principle
would apply to C-site dopants as well.
Another aspect is that of the solubility of impurities. Figure 27 shows the
temperature dependence of the solubilities of Al and B in SiC, obtained from the
literature3' 54,55. This figure shows that the solubility of Al is significantly higher than that
of B. At 15000C the solubility of Al is about 7000atppm, or 3x10 20 cm-3, while that of B is
about 160atppm, or 8xl01cm-3 . This is more than an order of magnitude difference in
solubility between these two dopants.
Figure 27: Solubilities of Al and B in SiC as a function of temperature.
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The concentration of Al in the SiC phase of the composites infiltrated in the Al-
processing furnace, RISC72A and RISC80A, were 620 and 860 atppm, respectively.
These values are an order of magnitude lower than the solubility limit of Al in SiC at
15000C. Also, the concentration of B in the SiC phase of both materials was below the
detection limit of 40atppm, four times less than the solubility limit of B at that
temperature. This is particularly interesting due to the large amounts of B present in the
Si. Therefore, B rejection is proved, since SiC contains much less than the solubility
limit at this temperature.
As mentioned previously, during the reaction-infiltration process the faceted SiC
grains in the final microstructure are formed through the recrystallization of ultrafine
initial SiC particulates. This is a liquid phase growth mechanism, where the liquid
medium is Si. Since Si is the transport medium, it is reasonable to assume that during
growth the conditions are Si-rich. Under such conditions it is not likely that the B will be
significantly incorporated into the Si-site, due to site competition, and, if at all, be
incorporated in the C-site. This, in addition to the overall lower solubility as compared to
Al, may explain the B impurity content of RISC being below detection limits.
6.2 - Heat Treatment Experiments
A series of heat treatment experiments were performed on RISC samples to
determine if grain growth could be attained, and if so, its effect on the thermal
conductivity. A summary of the results of the heat treatment experiments is shown in
Table 7.
The results of the low temperature heat treatments shows that little or no grain
growth occurs at 15000 C or lower. This is shown in Figures 16 and 17, for samples
treated at 14400 C and 15000C, respectively. Additionally, at these temperatures diffusion
is very slow and solubilities are low. Therefore, it is reasonable that heat treatments at
these low temperatures will not have much effect on the thermal conductivity of the
composites.
Sample RISC75A4 was heat treated at 17000C for one hour, and showed
significant grain growth. This is shown in Figure 18b, as compared to as-infiltrated
RISC75A6, in Figure 18a. The as-infiltrated sample has grain size ranging from 1 pm up
to 10tm, averaging about 5ptm. The one treated at 17000 C, on the other hand, ranged
from 3p~m up to 20tm, averaging about 10tm. However, the SiC phase thermal
conductivity decreased from 197/inK to 164 W/mK after the heat treatment, despite the
decrease in grain boundary area from the increase in grain size. This would indicate that
the SiC grown during the heat treatment has a lower thermal conductivity than that in the
as-infiltrated material. A possible explanation is that at the higher temperature required
to induce grain growth, the solubility of impurities is higher. As the results of the
chemical analysis indicate (Table 5), there is a high concentration of impurities in the
silicon. Also, the solubility of Al in SiC at 17000 C is about 9000atppm, which
corresponds to 4x10 20 cm-3, a concentration high enough to significantly decrease the
thermal conductivity, as will be discussed in the following sections. Thus, it is not
surprising that SiC grown at 17000C under impure conditions has lower thermal
conductivity.
The reason low temperature recrystallization can be achieved during reaction-
infiltration is the large driving force due to ultrafine SiC particulates. However, once
these have recrystallized to the faceted SiC grains with grain sizes of about 5pm, as seen
in the micrographs, the microstructure is stable at temperatures slightly above the melting
point of Si. This is illustrated by the fact that samples RISC1lA1, RISC72A#4 and
RISC75A6 have very similar microstructures, despite having slightly different carbon
preform particle sizes. Higher temperatures are needed to induce further recrystallization,
temperatures at which the solubility of impurities is higher, and the benefits of reaction-
infiltration are lost.
However, the heat treatment experiments were performed on low purity samples.
High temperature recrystallization treatments on high purity materials might yield
increased thermal conductivities, if the impurity concentrations can be kept below the
solubility limit of the dopants in SiC.
6.3 - Comparison with Theory of Thermal Conductivity
Under high purity conditions, very high thermal conductivities were achieved via
the reaction-infiltration process. From Equation 2 the phonon mean free path can be
estimated for the thermal conductivities obtained. As shown in Figure 28, for the higher
thermal conductivity values in the 260-270w'/ range, the corresponding phonon mean
free path is about 370A. In Figures 20 through 24, the TEM micrographs show that there
is a variation of stacking fault spacings in different grains. In general, though, these
spacings are on the order of the mean free path as estimated from Figure 28.
Additionally, using the impurity concentrations determined from the chemical
analysis, an average solute spacing can also be obtained by taking the inverse of the cube
root of the impurity concentration (units of cm 3). This is shown in Figure 29. For the
impurity concentrations between 2x10 18 and 2x10 19cm 3, the corresponding solute spacing
is between 30 and 80A. Interestingly, this too is on the order of the mean free path.
Figure 30 is a plot of theoretical thermal conductivity as a function of impurity
concentration, taking into consideration only intrinsic and impurity scattering. The
intrinsic thermal conductivity was calculated following Liebfried and Schlbmann33, using
Equation 16. The extrinsic lattice resistance was estimated following Parfenova et al."9,
using Equations 17 through 22. The calculation of the intrinsic conductivity in this work
differs from that of Parfenova et al. in the choice of the parameter B in Equation 16. For
this analysis the value estimated by Slack56 was used. Plotted in Figure 30 is a curve
assuming Al impurity and at a temperature of 300K. For reference, the value for the high
purity single crystal measured by Slack' has also been included. Al was used for the
theoretical modeling as it is the dominant impurity in all of the materials characterized.
In general, Figure 30 shows that for these materials the thermal conductivity is
much less sensitive to impurity concentration than theory would predict. Additionally,
there are data points that have conductivities lower than the theoretical curve, as well as
ones above it. This indicates that there are mechanisms at work in addition to impurity
scattering. Next, the data points are analyzed individually.
The high purity single crystal measured by Slack, with an impurity concentration
of lx10 17cm -3, had a thermal conductivity at 300K of 490W/mK, slightly lower than the
theoretical prediction of 550 W/mK. This is not surprising, as the model does not take into
consideration any types of defects other than impurities, such as dislocations or stacking
faults.
Both Crystar materials, the HP and the UP grade, have almost identical thermal
conductivities and lie close to the theoretical curve. Both grades of NT230 materials also
have almost identical conductivities, despite a larger difference in impurity concentration.
However, the fact that some of the data points lie above the theoretical curve suggests
that not all of the impurities detected in the chemical analysis were dissolved in the bulk
SiC. It is possible that there is some segregation effect or boundary phase, and
consequently the impurities do not have as strong an effect as if they were distributed
throughout the lattice. Also, both grades for each of the two materials had virtually the
same thermal conductivities despite differences in purity, as can be seen in Table 8.
Although the proximity to the theoretical curve suggests an impurity scattering dominated
behavior, the fact that some data points lie significantly above the curve, and that both
purity grades of each material have virtually identical conductivities suggest otherwise.
As shown in Table 8, the Norton NT230 HP and UP grades differ in impurity
concentration by an order of magnitude, yet have virtually identical thermal
conductivities. Additionally, their microstructures as seen by TEM and SEM are also
approximately the same. Similarly, the impurity concentrations in the Crystar materials
differ by a factor of 2, yet the conductivities and microstructures are nearly identical.
Thus, it seems that the conductivity of these materials is not entirely controlled by
impurities. We propose that the Norton materials are in a regime where the thermal
conductivity is limited by scattering from stacking faults. If so, further increases in purity
will not yield higher thermal conductivities.
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Figure 28: Estimation of phonon mean free path from measured thermal conductivity
values.
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Figure 29: Plot of mean solute spacing as a function of impurity concentration.
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Figure 30: Theoretical curve of thermal conductivity of SiC as a function of impurity
concentration. The curve was calculated assuming Al impurity at 300K. The data points
are the thermal conductivity values of RISC11Al and 72A4 (o), Crystar (x) and NT230
(A). The value of a high purity single crystal (o) measured by Slack' has also been
included for reference.
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Sample RISC11Al has a thermal conductivity close to the theoretical curve, while
the less pure RISC72A4, for the level of impurities it contains, lies significantly above it.
This further supports the notion that some of the impurities detected in the chemical
analysis may be present as segregated or boundary phases, and are not dissolved in the
bulk.
One factor that has not been taken into consideration is the effect of grain size on
thermal conductivity, which in this case would be especially important due to the large
difference between the Crystar material and the others. As described in Chapter 3, even
at room temperature low frequency phonons, scattered by grain boundaries, can make a
significant contribution to the total conductivity. Equations 23 and 24, developed by
Klemens3 5, can be used to take into account the effect of grain boundaries. In Figure 31
the experimental data has been corrected to give the thermal conductivity of the SiC
phase without grain boundaries. The thermal conductivity of the Crystar materials, due to
their large grain size, hardly change; that of the NT230 materials, on the other hand,
increase about 9% when grain boundary scattering is subtracted. In Figure 31 it can be
seen that all of the Norton materials have almost identical thermal conductivities after
correcting for grain size, despite the spread in their impurity concentrations, which further
reinforces the notion that they are not limited by impurities, but by stacking faults. Also,
given the fine grain size of the RISC samples, their correction is more significant. The
corrected thermal conductivity of RISC11A1 increases to about 300W/mK. This correction
also causes RISC72A4 to deviate even further from the theoretical curve, which again
supports the possibility of the impurities not being dissolved in the SiC.
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Figure 31: Theoretical curve of thermal conductivity of SiC as a function of impurity
concentration, with data corrected for grain size. The curve was calculated assuming Al
impurity at 300K. The data points are the thermal conductivity values of RISC11Al and
RISC 72A4 (o), Crystar (x) and NT230 (A), corrected for grain size.
6.4 - Temperature Dependence of Thermal Conductivity
Figure 25 shows the temperature dependence of the composite thermal
conductivities for samples RISCl1Al, Crystar, and NT230. Figure 32 shows the
temperature dependence of the thermal conductivity of the SiC phase for these three
materials. In the calculation of these curves, the SiC conductivity was again extrapolated
using Equation 27, and the heat capacities for Si and SiC, as well as the temperature
dependence of the Si phase conductivity were taken from the literature18' 57. At room
temperature, the RISC11Al and Crystar have conductivities of about 270W/mK, while
NT230 of about 230 W/mK. As the temperature increases, the differences in conductivity
between the samples decrease. Finally, at high temperatures the thermal conductivities of
all three materials converge to a value of about 20 W/mK.
Figure 33 shows the temperature dependence of SiC thermal conductivity for
RISC lA1, the high purity single crystal measured by Slack', as well as theoretical
curves for the intrinsic conductivity, and for a concentration of impurities of 7x10 18cm -3
The theoretical curves were calculated using Equations 16 through 22, in the same
manner as for Figures 30 and 31, with temperature as the variable instead of impurity
concentration. Since the curves for all three materials in Figure 32 are so close, only that
for RISC11A1 is plotted. The concentration 7x10 18cm -3 was chosen for the theoretical
curve because it is the impurity concentration of RISC11Al as determined by chemical
analysis.
The most noteworthy feature of Figure 33 is that the curves tend to have different
slopes. This means that they have different temperature dependences, not only
quantitatively, with respect to the relative values at each temperature, but qualitatively, in
terms of their behavior from low to high temperature.
At 300K, the measured conductivity of RISC1lAl and the one calculated
theoretically for 7x10 1 cm -3 seem to be converging. As the temperature increases,
however, RISC11Al drops much more steeply than the theoretical prediction. At even
higher temperatures, the two curves seem to be parallel, with the absolute value of the
experimental curve being significantly lower. Similarly, at 300K the intrinsic curve and
the one for the single crystal are close in value, yet as the temperature increases the single
crystal result initially drops more steeply before leveling and running parallel to the
intrinsic.
As described in Chapter 3, different scattering mechanisms have different
scattering cross-sections, and consequently have different phonon frequency
dependences. For example, point defects scatter as the fourth power of frequency,
dislocations as the first power, and grain boundaries independently of frequency. As the
temperature increases, the phonon frequency distribution tends towards higher values.
The relative contribution of each of the scattering mechanisms therefore depends on
temperature. The behavior with respect to temperature will be strongly dependent on the
types and relative amounts of defects in the material.
The nature of RISC11Al is such that all four of the scattering mechanisms are
present, and could make a significant contribution to the overall lattice resistivity:
impurity, stacking fault, grain boundary, and intrinsic. The single crystal could be subject
to three, the same ones as RISC11Al, with the exception of grain boundary scattering.
The theoretical curve for impurity scattering only takes into account two, impurity and
intrinsic scattering. Thus, each of the four curves represents a different combination of
scattering mechanisms.
As mentioned previously, the two experimental curves drop much more steeply
than the calculated ones. Both the intrinsic theoretical curve and the impurity scattering
theoretical curve have in common the lack of any types of boundaries, such as stacking
faults or grain boundaries, as opposed to the single crystal and RISC 11Al. This suggests
that the steeper slope of the experimental curves slightly above room temperature is due
to the boundaries not taken into consideration in the theoretical treatment.
Finally, the thermal conductivity of RISC11Al at high temperatures is much
lower than the other three curves. It has a thermal conductivity at 1200K of 20W/mK, while
the single crystal 90 W/mK, the theoretical curve 110 W/K, and the intrinsic one 140W/mK.
This illustrates the importance of stacking faults and grain boundaries even at high
temperatures. Additionally, Figure 32 shows that RISC11A1, Norton Crystar and NT230
all have very similar temperature dependences. This indicates that the three materials
may have similar types of scattering mechanisms limiting their thermal conductivity.
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Figure 32: Temperature dependence of SiC thermal conductivity of RISC 1Al, Norton
Crystar and Norton NT230.
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7 - CONCLUSIONS
a) Extremely high Si-SiC composite and SiC phase thermal conductivities can be
achieved via the reaction-infiltration process. Under high purity conditions room
temperature composite conductivities of 213W/mK and SiC phase conductivity of
267W/mK were obtained. Under moderate purity, still relatively high composite and
SiC conductivities of 170 W/iK and 197 W/mK, respectively, were obtained. These
values are as high or higher than some metals at room temperature, such as Al with a
thermal conductivity of 237 W/,.
b) The reaction-infiltration process proceeds by the recrystallization of initial ultrafine
SiC particulates into faceted SiC grains with a grain size of about 5jam. The
microstructure is established during the first few minutes of the process, and further
annealing at temperatures similar to that of infiltration have no effect on the thermal
conductivity.
c) There seems to be a rejection of B during the reaction-infiltration process, as large
quantities of B were present in the Si, yet undetectable amounts in the SiC.
d) There also seems to be a preferential incorporation of Al, a Si-site dopant, as there
were larger amounts of Al in the SiC than in the Si.
e) Finer scale preforms lead to higher thermal conductivity materials. This trend is
attributed to the time-temperature history of the reaction: high surface area preforms
react more quickly and allow the subsequent recrystallization to occur at lower
temperatures, resulting in higher purity, and consequently higher thermal conductivity
materials.
f) Since the microstructure is established during the first few minutes of reaction, after
the SiC particulates have recrystallized, high temperatures are necessary to induce
further grain growth. For moderate purity materials, these heat treatments have a
detrimental effect on the thermal conductivity, which is attributed to the higher
solubility of impurities at those temperatures.
g) The RISC materials have a high density of stacking faults, yet had high thermal
conductivities. High purity commercial Norton materials also had a high
conductivities, as well as high density of stacking faults.
h) The phonon mean free path for thermal conductivities in the 260-270 W/mK range is
about 370A. Both the solute spacing and stacking fault spacing are on the order of the
phonon mean free path.
i) However, the Norton materials thermal conductivity seems to be limited by stacking
faults, as differences in purity between the samples as determined by chemical
analysis have no effect on their conductivities, and TEM and SEM characterization
revealed very similar microstructures.
j) High temperature thermal conductivity measurements showed that large scale defects
have a strong detrimental effect on thermal conductivity at high temperatures, as well
as at room temperatures. Also, different defect types yield different temperature
dependences of thermal conductivity.
8 - FUTURE WORK
The results suggest that there is some interesting behavior of the impurity
incorporation mechanism during reaction-infiltration. There seems to be a preferential
incorporation of Al, a Si-site dopant, and a rejection of B, which has been reported to
substitute in both the Si and C site. Also, finer scale preforms yielded higher thermal
conductivities and lower impurity concentrations. Therefore, systematic infiltrations
under controlled dopant type and concentration should be performed to elucidate on the
incorporation of impurities in SiC. These should include systematic variation of dopants,
as well as preform particle size.
The high thermal conductivities obtained are thought to be related to the time-
temperature history of reaction-infiltration. Thus, the preform/composite temperature
should be measured during reaction for carbon preforms of various particle sizes, to
determine the relationship of particle size to recrystallization temperature.
It was determined that low temperature heat treatments did not induce further
grain growth, and that high temperature treatments were required to alter the grain size.
However, this growth led to decreased thermal conductivity for moderate purity
materials. Further investigation into the effects of heat treatments should be done on
controlled impurity materials, and especially on high purity materials.
TEM analysis showed that the RISC materials have a high density of stacking
faults, and that they are on the order of the phonon mean free path. A more extensive
TEM analysis to quantitatively describe the defect concentration would aid in
understanding the mechanisms limiting thermal conductivity in these materials.
Chemical analysis determined the impurity concentrations in the Si and SiC
phases of the RISC materials. However, the distribution of the impurities in the SiC was
not certain, as they were not necessarily completely dissolved in the bulk. HREM and
STEM analysis could determine whether there is a segregation effect or intergranular
films.
Since SiC is a semiconductor, its electrical conductivity is very sensitive to
impurity concentration and type. Therefore, electrical measurements could be performed
to elucidate the impurity concentrations and their distribution.
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APPENDIX A
Notation used in material designation
The steps in the reaction-infiltration process are:
Infiltration Sectioning
Carbon preform Si-SiC bar Si-SiC samples
Carbon preforms were designated by the prefix "PREF", followed by a number
identifying the particular preform. For example: PREF 1.
Infiltrated Si-SiC bars were designated by "RISC", followed by a number
corresponding to the carbon preform batch it came from, and then a capital letter referring
to which particular preform from the batch. For example: RISCIA.
Si-SiC samples were designated the same as bars, followed by a number
indicating the section of the bar. For example: RISC1A1, is the first cut off bar RISC1A.
